The use of porous materials is a known method for the reduction of cylinder vortex shedding noise. In a previous experimental wind tunnel study, the noise reducing effect of a modification of circular cylinders with open-porous materials was shown. The cylinder models consisted of a solid core cylinder with porous covers with different material parameters. In order to obtain insight into the flow through the porous materials, the noise generation by such porous-covered cylinders is investigated numerically using DetachedEddy Simulations. This was done for three different porous material covers as well as for a non-porous reference cylinder at three Reynolds numbers in the critical flow regime. Unlike the observations from the experiments, the numerical results show that fluid enters the porous materials and vortex shedding also takes place at the inner core cylinder, leading to an additional tone in the acoustic far field spectrum. In addition, the porous covers were found to have no effect on the directivity of the aeolian tone and to lead to a notable reduction of the aerodynamic drag.
I. Introduction
The noise generated by a cylinder in a flow is a main source of aeroacoustic noise. It contains both broadband noise and tonal noise, due to the regular shedding of vortices, and can be found at components of the landing gear of airplanes, at the pantograph of trains, at antennas and other protruding parts of vehicles.
One possible method for the reduction of aeroacoustic noise from cylinders is the use of flow permeable materials, which has been the subject of various studies in the past. This includes both experimental investigations [1] [2] [3] [4] [5] [6] [7] and numerical work [8] [9] [10] [11] . In addition to a reduction of noise, such materials also affect the flow around the cylinder and, subsequently, the aerodynamic drag [12] [13] [14] [15] [16] [17] [18] [19] [20] . In a previous experimental study by the authors [5] , the noise reducing effects of a large number of different flow permeable cylinder covers were shown. Thereby, the cylinder models consisted of a non-porous core cylinder on which hollow cylinder disks made of porous material were threaded. The study featured a large variety of porous materials, characterized by their air flow resistivity. However, many of the materials had rather high air flow resistivities, as materials with very low air flow resistivities and hence a high permeability tend to be very soft and therefore hard to manufacture into the desired shapes. Thus, several questions remained unanswered, including a hypothesis regarding the cause of the noise reduction.
The focus of the present study is to provide insight into the flow phenomena involved, especially the flow through the porous materials, by performing a numerical simulation. In addition, it is of interest if it is possible to reproduce the existing experimental results with the chosen numerical setup, especially with the simplifying description of the porous materials. 
II. Experimental Investigation

II.A. Setup
The experiments took place in the small aeroacoustic wind tunnel at BTU Cottbus -Senftenberg [21] , using a rectangular nozzle with an exit diameter of 0.23 m × 0.28 m and a test section with side windows covered with tensioned Kevlar. In order to avoid sound reflections, the test section is surrounded by a cabin with absorbing side walls. The acoustic measurements were performed using a one fourth inch free-field microphone positioned at the side of the test section, at a distance of 0.6 m from the cylinder model. The data were recorded with a sampling frequency of 51.2 kHz and a duration of 60 s using a 24 Bit National Instruments digital data acquisition module. In post-processing, they were transferred to the frequency domain with a Fast Fourier Transformation (FFT) on 75 % overlapping Hanning-windowed blocks of 16,384 samples. This results in a small frequency spacing of 3.125 Hz. Finally, the data were converted to power spectral densities L p re 20 µPa. The experimental setup is shown in Figure 1 (a) and explained in more detail in [5] . In addition to the acoustic measurements from [5] , constant temperature anemometry (CTA) measurements were performed in the wake of the cylinders at a single flow speed using a Dantec single-wire P11 probe. The basic measurement setup is shown in Figure 1(b) . The data were recorded with the same data acquisition module with a sampling frequency of 25.6 kHz and a duration of 80 s. Following the approach shown in [22] , the probe was positioned at mid-span, one cylinder diameter downstream and one half diameter off center from the cylinders. Spectra were obtained from the recorded time signals using an FFT on 50 % overlapping blocks of 16,384 samples, yielding a frequency spacing of only 1.56 Hz. Again, the data were then converted to power spectral densities re 1 m 2 /s. The porous covered cylinders consisted of a rigid core cylinder of diameter d = 10 mm, over which hollow cylinder disks of homogeneous, open-porous material were threaded. The resulting outer diameter D is 30 mm. The length of the cylinders is 280 mm, leading to an aspect ratio of 9.3. In total, acoustic measurements were performed on twelve porous covered cylinders [5] , but hot-wire measurements were only performed on a subset of six cylinders with porous cover. Those are summarized in Table 1 . The present study only focuses on the latter, since the results are used for comparison with numerical results. The porous materials are characterized by their air flow resistivity r, which is a measure for the resistivity of a flow-permeable material against a fluid flow through the material. The main effect of the porous covers is that the spectral peak of the aeolian tone and the velocity fluctuations appears much narrower than for the reference cylinder, which is in good agreement with the results from Liu et al. [10] . Thereby, the width of the vortex shedding peak increases with increasing air flow resistivity r of the porous material. This means that materials with very low air flow resistivities result in narrower peaks and hence a reduction of the tonal noise. In addition, it is also visible that the porous covered cylinders generate less broadband noise than the non-porous reference cylinder. Again, porous materials with low air flow resistivities lead to a higher noise reduction than materials with high air flow resistivities. It is also visible from Figure 2 that all cylinders show the vortex shedding peak at roughly the same frequency, which means that vortices are effectively only shed from the outer diameter (D = 0.03 mm) of the porous covered cylinders, not from the rigid core cylinder with the diameter d = 10 mm. This is even the case for porous materials with low air flow resisitivities (such as the packing foam with r = 4,100 Pa s/m 2 or Basotect with r = 9,800 Pa s/m 2 ). One possible explanation for this observation is that no sufficient amount of fluid enters the porous material and thus no vortex shedding occurs. This would most likely be due to the properties of the chosen porous materials such as their porosity and pore size, since it is known from other experimental studies that a fluid flow through porous covers is generally possible. For example, the Particle Image Velocimetry (PIV) measurements performed on perforated cylinders by Pinar et al. [23] clearly show a flow through the holes of the cylinder. Another hypothesis is that the fluid enters the cylinder and may even lead to vortex shedding at the rigid core cylinder, but that the development of vortices within the porous material is prevented. For the reference cylinder, the Strouhal number Sr associated with vortex shedding obtained from the acoustic measurements is about 0.18, while those for the porous covered cylinders are slightly higher (ranging from about 0.18 to just above 0.19). The Strouhal numbers obtained from the CTA measurements are all a little bit lower, which could be due to a slightly increased blockage of the wind tunnel test section by a part of the traverse system. Of course, the open-porous materials feature a certain surface roughness, which will also effect the flow noise generation. Past studies show that an increase of roughness will affect the flow features around the cylinder [24] [25] [26] [27] and the noise generation. Circular cylinders with an increased roughness were found to lead to an increase of broadband noise mainly at high frequencies as well as to an increase of the vortex shedding peak and a shift of the spectra towards lower frequencies [28] . In the experimental study described here, the roughness of the porous materials was not measured. Hence, the roughness-induced effect on the noise generation cannot be clearly divided from the noise reducing effect due to the porosity.
II.B. Results
III. Numerical Investigation
III.A. Setup
The noise generated by the porous-covered cylinders was investigated numerically using a two-dimensional Detached-Eddy Simulation (DES) implemented in Ansys (Academic Version 18). It is well known that unsteady Reynolds-averaged Navier-Stokes (URANS) models are prone to fail to predict the flow physics in cases with large turbulent structures, whereas Large-Eddy Simulations (LES) require a very fine grid in the near-wall region and thus entail a high computational cost. DES is a hybrid model that functions like RANS in the near-wall regions and like LES in detached flow zones, and hence combines advantages of both methods while being less demanding than pure LES.
In the present study, the porous materials are incorporated using the superficial velocity porous formulation. In short, the porous media model simply adds a momentum sink in the governing momentum equations, which is done by adding a momentum source term to the standard fluid flow equations. This source term is composed of two parts, a viscous loss term and an inertial loss term. In the first term, a low velocity laminar flow through the porous medium and the resulting pressure drop across the medium are simply connected via Darcy's Law (see for example [29] ), thus neglecting convective acceleration and diffusion. Basically, this corresponds to the air flow resistivity r of the materials. The second term includes inertial losses in the porous medium at high flow velocities.
In addition, the porosity σ (ratio of the volume of the open pores to the total volume) was set to 1 for all materials of the present study as a basic estimation. While this is a quite good approximation for any porous foams which have a porosity close to 1 (like Basotect), the porosity of the rubber granulates can be expected to be much lower. Other properties of the porous materials, like the tortuosity τ (a measure for the twisting of the pores) or the size of the pores, are not captured. Since the DES approach employs an unsteady RANS model in the near-wall region, the effect of the porous surface on the boundary layer may not be fully reproduced. Additionally, the flow inside the medium is treated as though the solid medium has no effect on turbulence generation and dissipation. This may also lead to errors, especially if the porosity of the material and the corresponding pores are small.
The computational domain, shown in Figure 3 (a), was basically chosen to resemble that of the exper- iments. It extended 5 outer cylinder diameters D upstream of the cylinder, 10 D downstream and 7 D to each side of the cylinder. The boundary at the left side was set as velocity inlet and on the right side as pressure outlet, the remaining upper and lower boundaries were set as ambient walls. The mesh was refined near the cylinder wall, as shown in Figure 3(b) . Thus, the dimensionless wall distance y + takes a value of 0.54. A no-slip condition was set at the surface of the rigid core cylinder.
For appropriate temporal resolution and a maximum acoustic frequency of 5 kHz, the time step in the simulations was set to 10 -5 s and the total time was 0.22 s. This is similar to the settings used in [10] . The sound pressure was calculated for different observer positions in a distance of 0.5 m from the cylinder using the Ffowcs Williams and Hawkings (FW-H) integration method [30] . This was done for the complete simulation time. In total, calculations were performed for three different porous materials, two of which resembling cylinders used in the experiments (porous 2 and porous 4), as well as for a non-porous reference cylinder at three Reynolds numbers (based on the outer cylinder diameter D) of 16,000, 72,600 and 106,000. The corresponding flow regime is known as the subcritical regime [31] where the boundary layer is laminar and it separates from the surface of the cylinder at about 80
• from the forward stagnation point [22] . Table 2 gives an overview of the cylinders used in the numerical simulations. Figure 4 shows the magnitude of the vorticity − → ω obtained for the three porous covered cylinders and the non-porous reference cylinder at Reynolds numbers of 16,000, 72,600 and 106,000. The vorticity describes the local spinning motion of the fluid particles and thus can be used to display regions of high rotational energy such as vortices. For all cases, the periodically shed vortices are clearly visible and the vorticity increases with increasing Reynolds number. One very interesting effect that is visible from those results is that for all porous cases, fluid enters the porous covers and, consequently, vortices are also shed from the inner core cylinder. Of course, this effect is much more pronounced for cylinders with low air flow resistivities, as can be seen when comparing the plots for the cylinder with the lowest air flow resistivity (porous 2 in Figure 4 (a)) with that for the cylinder with the highest air flow resistivity (porous 7 in Figure 4(g) ) at the lowest Reynolds number of 16,000. Although the effect of vortex shedding from the core cylinder would be expected, it was clearly not visible in the experimental results. When the Reynolds number is increased, the amount of flow around the porous cover as well as the amount of flow through the porous material increases for all porous covered cylinders.
III.B. Results
When comparing the results for the porous covered cylinders with those obtained for the non-porous reference cylinder, it can be seen that the wake of the porous cylinders is much slender than for the reference cylinder. This is in good agreement with results from Bruneau and Mortazavi [15] , Liu et al. [10] and Naito and Fukagata [18] , who state that the porous materials help to "regularize the wake". It can also be seen that, due to the fact that for the porous covered cylinders vortex shedding also occurs at the rigid core cylinder, the vortex shedding frequency is higher and hence more vortices are visible. Thus, it can be expected that tonal noise will be generated also at a higher frequency than for the reference cylinder. Figure 5 shows sound pressure levels obtained numerically for an observer at a distance of 0.5 m and an angle of 90
• to the flow, which resembles the microphone position from the experiments. Although it is known that the Strouhal number associated with vortex shedding depends on the flow regime and thus on the Reynolds number (see for example [31, 32] ), as a basic estimate a constant Strouhal number of 0.18 is used here to predict the frequency of the aeolian tone for means of comparison. This value for Sr corresponds to the one obtained from the acoustic experiments for the reference cylinder. It was used to predict both the frequency of the aeolian tone from vortex shedding at the outer cylinder diameter (D = 0.03 m) and that from vortex shedding at the inner cylinder diameter (d = 0.01). Both lines are included in Figure 5 .
The spectra obtained at the lowest Reynolds number of 16,000 ( Figure 5(a) ) indicate that the tonal maximum for the three porous covered cylinders is due to vortex shedding at the inner core cylinder rather than the outer cylinder. Of course, the low frequency resolution may be the reason that the first peak, that should be located at a frequency below 50 Hz, is just not visible. The spectrum for the reference cylinder shows a maximum at a frequency below the estimated value, but again this may be due to the poor frequency resolution. The results for a Reynolds number of 72,600 ( Figure 5(b) ) show that the main peak is due to vortex shedding at the outer cylinder diameter, with a peak Strouhal number of 0.22 for the porous covered cylinders with low and medium air flow resistivity (porous 2 and porous 4) and 0.24 for the porous covered cylinder with high air flow resistivity (porous 7). In addition, the results suggest a second, much smaller spectral maximum in a frequency range that corresponds to vortex shedding at the core cylinder. The simulation results for the highest Reynolds number of 106,000, shown in Figure 5 (c), show a very interesting effect: For the porous covered cylinders with low air flow resistivity (porous 2 and porous 4), the main tonal peak can be associated with vortex shedding at the outer cylinder, which is the same as for the reference cylinder. Additionally, a second peak can be seen at a higher frequency that is most likely due to the vortex shedding at the core cylinder. These results are pretty much expected based on the vorticity plots shown in Figure 4 . However, for the porous covered cylinder with the highest air flow resistivity of r = 1,474,300 Pa s/m 2 (porous 7), no clear peak is visible that can be linked to vortex shedding at the outer cylinder diameter, although the corresponding vorticity plot (Figure 4(i) ) clearly shows it. The reason for this effect is presently not clear yet. Due to the higher air flow resistivity it would be expected that less fluid is able to enter the porous material than for the other two cylinders.
In most cases shown in Figure 5 , the maximum sound pressure level at the vortex shedding peak is higher for the porous covered cylinders when compared to the non-porous reference cylinder. This, however, is in agreement with the experimental results shown in Figure 2(a) . As explained in [5] , the effect of the examined porous covers was not to completely suppress the vortex shedding tonal noise or to minimize its amplitude, but to notably reduce the width of the tonal peak.
It is very interesting to note that the simulations predict an increase of broadband noise due to the porous covers at frequencies above the spectral peak. This clearly contradicts the results from the experiments (Figure 2(a) ) and that from other studies (for example [10] ). The reason for this noise increase is presently not clear. At frequencies below the aeolian tone, the simulations predict a decrease of the noise for the porous covered cylinders, which agrees with the results from the measurements. Figure 6 shows the directivity of the vortex shedding tone at a Reynolds number of 72,600 for the reference cylinder and the three porous covered cylinders. As can be expected for cylinder flow noise, which is basically a dipole noise source, the maximum noise generation is detected at angles of 90
• and 270
• . It can be seen that the porous covers do not change the directivity compared to the reference cylinder. This is in agreement with the results from Liu et al. [10] . In addition, the plot again shows that the peak sound pressure level obtained for the porous covered cylinder is slightly higher in most directions than that obtained for the reference cylinder. This confirms the observations from Figure 5 .
In addition to the investigation on the flow structures in the wake of the different cylinders and their flow noise generation, the simulations were also used to calculate the drag coefficient c d of the cylinders. It is known that the resulting drag of a porous covered cylinder strongly depends on the properties of the porous material as well as on the Reynolds number. For example, Noymer et al. [12] and Naito and Fukagata [18] found a significant increase in drag at low Reynolds numbers. Liu et al. [10] observed an increase in drag only for porous covers with low porosity, whereas a porous cover with a high porosity of 0.97 lead to a notable drag reduction. A decrease of the drag coefficient with increasing permeability of the porous covers was also observed by Rashidi et al. [19] . Thereby, the porous materials can affect both the mean drag as well as the frequency and amplitude of the fluctuating drag. cylinders at Re = 72,600. In addition, the time-averaged drag coefficient c d , averaged over the complete duration of 0.2 s, is given. In the corresponding subcritical flow regime, a mean drag coefficient of approximately 1.2 would be expected for a circular cylinder without porous cover [31, 33] , whereas the simulations yield a higher value of 1.97 for the reference cylinder. However, it should be noted that it is well known that the numerical method as well as parameters like grid resolution and time step have a notable influence on the resulting drag coefficient [34] . In addition, since the drag coefficient of a circular cylinder strongly depends on the exact position where the transition to turbulence takes place in the boundary layer, DES, which employs unsteady RANS in the near-wall region, may also result in deviations. Still, the results shown in Figure 7 show that the porous covers of the present study lead to a considerable decrease of both the amplitude of the fluctuating drag as well as the mean drag coefficient c d . Considering that a porosity of σ = 1 was chosen for all three materials, this result agrees well with the results from Liu et al. [10] .
IV. Summary and Discussion
In order to examine the aerodynamic noise generation of circular cylinders covered by porous materials, a two-dimensional Detached-Eddy Simulation was carried out. The results were compared to experimental results, which includes acoustic measurements as well as hot-wire measurements in the wake of the cylinders.
Thereby, one of the main aims of the simulations was to provide insight regarding the flow inside the porous materials. This allows to develop a better understanding of the mechanisms that are responsible for the noise reduction. Thereby, the simulations predict that fluid enters the porous cylinder covers and consequently vortices are also shed from the inner core cylinder, which was even the case for porous materials with a very high air flow resistivity. This lead to the fact that the far field noise features two tonal peaks, one associated with the outer diameter D and one with the inner diameter d of the porous covered cylinders. This effect was not observed in the experiments, which suggests that future effort has to be taken in order to improve the numerical description of the porous materials. This could be done by adding other material parameters, like tortuosity or pore size, or simply by setting a considerably lower porosity.
In the present study, it was found that the porous materials have no distinct effect on the directivity of the vortex shedding tone and that they lead to a much slenderer wake compared to the reference cylinder, which is in good agreement with several other studies. In addition, the numerical results also showed that the porous covers reduce both the amplitude of the fluctuating drag as well as the time-averaged drag coefficient.
An advantage of the simulation is that it allows an extension of the investigation towards materials with an even lower air flow resistivity, which is not easy in the experimental investigation due to the difficulty to cut those usually very soft materials. Another advantage is that the Reynolds number can easily be extended to higher values, which is not possible with the existing aeroacoustic wind tunnel. Both approaches will be employed in future investigations. However, the current numerical simulations also show some shortcomings, which have to be kept in mind and which, eventually, have to be overcome in future investigations. For example, certain properties of the porous materials were only approximated (such as the exact porosity) or simply neglected (such as the tortuosity or the size of the pores), although it is clear from past experiments [35] as well as from simulations by Liu et al. [10] that especially the porosity has a noticeable influence on the flow noise generation. Thus, eventually, a more realistic formulation of the porous materials will be a major target for future simulations. Furthermore, the surface roughness of the porous materials, which also has an influence on the sound pressure level spectra determined from the experiments, was not considered numerically. Finally, of course, it has to be mentioned that vortex shedding by a circular cylinder is clearly a three-dimensional phenomenon, so a two-dimensional simulation always involves some kind of simplification. However, it is worth mentioning that several well-known numerical studies, that helped to gain valuable insight on the flow around porous cylinders, were also performed on a purely 2D computational domain [10-13, 15, 16, 19] .
